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The development of alternatives to petroleum-derived jet fuels is essential for assisting in 
climate change mitigation and providing economic security and energy independence within 
industries that utilize jet fuels. It is important that jet fuels derived from alternative sources can be 
used in existing engines with little to no modifications to the engine design or operation. Towards 
this end, researchers must understand how various fundamental fuel properties affect the 
atomization, vaporization, and combustion process of jet fuels and ascertain which properties 
determine if an alternative fuel will behave similarly to conventional jet fuel.  
In this work, x-ray phase-contrast imaging is performed at 90,517 Hz on a combusting fuel 
spray in a realistic gas turbine combustor, allowing characterization of breakup process of fuel into 
ligaments and then individual droplets as it leaves a nozzle. This imaging is performed on two 
different fuels: Jet-A (A-2), which represents a fuel with standard properties, and C-3 Fuel, which 
is a blend of JP-5 and farnesane (64% to 36% by volume), which is specifically formulated to be 
a high-viscosity jet fuel. The fuels are tested over a range of fuel flow rates and inlet air preheat 
temperatures to establish the effect of various combustor conditions on the atomization and 
vaporization processes. The phase contrast imaging shows that atomization occurs much more 
rapidly at higher fuel flow rates and fuel pressures, and that the high viscosity fuel is qualitatively 
and quantitatively observed to break up into longer ligaments and larger diameter droplets than the 
standard viscosity fuel. Additionally, increasing the air preheat temperature significantly increases 
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Chapter 1: Introduction 
1.1 Motivation 
Gas turbines are a fundamental part of modern society, due to their widespread use in power 
generation, commercial transportation, and military applications. Gas turbines operate on many 
types of fuel, with the most common types being natural gas (methane) for stationary applications 
and jet fuel (kerosene) for mobile applications including aircraft. In principle, the operation of a 
gas turbine is fairly straightforward; the fuel is burned in a combustion chamber, where high 
velocity, high temperature gas is created. This gas is used to spin a turbine, which powers the 
device of interest. Despite being fairly simple in concept, gas turbines are extremely complex 
systems which are sensitive to a variety of different operating parameters such as the air flow rate, 
air temperature, and fuel properties. For this reason, there are many different aspects that must be 
considered when changing any part of a gas turbine system, including the fuel or air properties. 
Care must be taken to ensure that the system still operates correctly at all conditions.  
The Department of Defense (DoD) has become engaged in an effort to increase the use of 
fuels from alternative sources throughout their operations. While there are many different reasons 
for using fuels from alternative sources, including extensive environmental concerns, the DoD is 
specifically interested in alternative fuel sources for the purpose of energy security for the 
American armed forces. The specific goal of these programs is to develop fuels from alternative 
(non-petroleum) sources which can be integrated seamlessly into the current petroleum-based fuel 
supply with no modifications to any existing equipment. The US Navy has attempted to support 
this goal by setting a goal in 2010 of replacing 50% of their fuel with fuel derived from alternative 
sources by 2020 [1]. The US Air Force has instituted a similar goal as part of their Energy Flight 
Plan in 2017 [2]. They plan to increase the use of drop-in alternative fuels by 2025 as part of their 
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goal to “Assure Supply” of fuels to the fleet. This would be a significant amount of fuel usage, as 
the Air Force accounts for 48% of the DoD’s total fuel usage, and 86% of that is purely aviation 
fuel. Using alternative sources to produce a significant amount of that fuel would greatly increase 
the DoD’s energy security and make them less susceptible to variable crude oil availability.  
The ASTM standard D4054 has been established as a pathway for establishing whether a 
newly-developed alternative fuel can be used as a drop-in replacement for existing fuels. This is 
an extensive standard for a new fuel to meet, as a fuel must be declared fit for purpose by aircraft 
OEM’s in order to meet the qualifications of the standard [3]. The National Jet Fuels Combustion 
Program (NJFCP) was established through the Aviation Sustainability Center (ASCENT) in order 
to reduce the time, effort, and money required to get a newly developed fuel through this extensive 
qualification process, as many new fuel manufacturers could not afford the upfront cost to 
complete the process. The current process requires thousands of gallons of potential the new fuel 
and hundreds of thousands of dollars (see Figure 1). To aid in this process, the NJFCP has 
developed a set of baseline fuels with a specified range of fundamental properties. The program 
has established a range of techniques to evaluate the performance of these fuels much more 
intensely than the process in the ASTM D4054 process. By evaluating these specified test fuels, 
fuel manufacturers can gain a greater understanding of how specific fuel properties can affect the 
combustion process. The long-term goal of this effort is to allow fuel manufacturers to be 
extremely confident that their new fuels will pass the ASTM D4054 process before undertaking 




1.2 NJFCP Fuel Overview 
The fuels in the NJFCP have been grouped as either Category A fuels of Category C fuels. 
Category A fuels are fuels that are currently used as standard jet fuels throughout the aviation 
sector. Three different Category A fuels have been named: A-1, A-2, and A-3, which correspond 
to best, average, and worst-case jet fuels that are common in the standard range of jet fuels. 
Category C fuels meanwhile are not part of the standard range of jet fuels; Category C fuels are 
alternatively-derived fuels that each have a specific property that is deserving of study to determine 
its specific impact on combustion characteristics. For example, the C-1 fuel has a very low cetane 
number compared to standard jet fuel, while C-3 has a very high viscosity at low temperatures. 
Table 1, shown below, shows the key properties for each of the fuels included within this program. 
Figure 2 also illustrates the dramatic difference in boiling curves between these different fuels. 
The differences in these important properties provide the basis for all of the experimental and 
computational models developed by the NJFCP. The testing of these fuels through the NJFCP has 
provided key data in developing tools and guidelines to expedite the approval process for new, 
alternative jet fuels [5].  
Figure 1: Schematic describing the ASTM D4054 alternative jet fuel certification process 
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Table 1: NJFCP Fuel Property Overview 









A-1 “Best Case” Jet Fuel, JP-8 48.8 3.5 42 1.98 
A-2 “Average” Jet Fuel, Jet A 48.3 4.7 48 1.91 
A-3 “Worst Case” Jet Fuel, JP-5 39.2 6.5 60 1.88 
C-1 Low Cetane Number, Unusual Boiling Range 17.1 4.9 50 2.16 
C-2 Asymmetric Boiling Range 50.4 5.2 58 1.99 
C-3 High Viscosity at Low Temperatures 47.0 8.0 66 1.94 
C-4 Low Cetane Number, Conventional Boiling Range 28.0 3.9 46 2.14 
C-5 Flat Boiling Range 39.6 1.9 44 1.92 
 
1.3 Swirl-Stabilized Spray-Flame Combustion Overview 
Swirl-stabilized spray-flame combustion is commonly used in engines throughout the 
aircraft industry. For this type of combustion process, air enters the combustion chamber through 
a “swirler” that adds a rotating, swirling motion to the incoming flow. The four main steps to the 
combustion process are shown in Figure 3 below. Upon entering the chamber, liquid fuel is 
injected, atomized when leaving the nozzle (1), vaporized by the hot gases in the chamber (2), 
mixed with the swirling air (3), and burned (4). Swirl stabilization is necessary in these engines to 
allow for stable combustion, as the swirling motion increases the amount of time that air remains 
Figure 2: Distillation Curve Comparison between Category A and Category C Fuels 
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in the combustion chamber to oxidize the fuel [6]. As shown in the figure, the swirling air motion 
creates inner and outer recirculation zones that increase the time that the fuel and air stay in the 
hot chamber, enhancing combustion. Engine characteristics and performance are highly dependent 
on the specific design of the swirler geometry, thus making swirler design one of the most 
important parts of designing an engine. This couples with fuel atomization, combustion geometry, 
and fuel type to determine overall system performance under a specific operating condition. 
Studying each of these aspects of combustor design will be critical to design advanced combustion 
systems that reduce emissions, increase efficiency, and utilize new fuels. 
One of the most important components in the jet engine combustion system is the fuel 
nozzle that is used to spray fuel into the combustion chamber. This nozzle completely controls the 
breakup process that the bulk liquid fuel takes as it splits into fine droplets and vaporizes. The 
classical view of droplet atomization consists of two main steps. Primary atomization consists of 
the fuel stream splitting up into ligaments and large drops, while secondary atomization is where 
Figure 3: Diagram detailing the major regions within a swirl-stabilized flame 
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the ligaments and large drops split further into fine droplets [7]. By contrast, the prompt 
atomization mechanism occurs when high pressure differences occur across the nozzle, causing 
small droplets to form almost immediately due to the extremely high liquid velocities. Regardless 
of which mechanism is in place, the specific internal geometry of the nozzle is key in determining 
the performance of the atomization process and, in turn, the combustion performance as a whole. 
In this work, the only type of nozzle used is a pressure-swirl atomizer. As shown in Figure 4 below, 
the internal geometry of the nozzle is configured such that a swirling motion is imparted on the 
fluid before it is sent through a small orifice. The swirling motion helps to produce a hollow cone 
when the flow exits the nozzle.  
  
Figure 4: Diagram showing simplified internals of a pressure swirl atomizer 
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Chapter 2: Experimental Facilities 
2.1 Argonne National Laboratory: Advanced Photon Source 
Argonne National Laboratory hosts the Advanced Photon Source (APS), which has been 
designed to provide extremely high energy x-rays to provide researchers with unique abilities to 
study effects that cannot be observed using other common techniques. It is one of five high-
powered x-ray sources in the country that have the ability to produce these uniquely powerful x-
rays. Each of these powerful third-generation sources has been designed to specialize in certain 
applications and allow the study of unique aspects of the scientific field [8, 9]. The Advanced 
Photon Source storage ring has a circumference of over 1 kilometer, and it is lined with dozens of 
experimental stations where different scientific fields are studied using the powerful x-rays. The 
high-energy electrons are generated from a high-temperature cathode, after which a linear 
accelerator and Booster Synchrotron accelerate the electrons to nearly the speed of light [10]. In 
these experiments, the bending line beamline in sector 7 has been employed (7-BM), shown below 
in Figure 5. The specific experimental setup of this beamline station has been described in detail 
by Kastengren et al. [11, 12]. The beam is adjusted using a variety of optics before it enters users’ 
experiments, including a double multilayer monochromator (DMM) and Kirkpatrick-Baez 
geometry mirrors made from Rhodium-coated Silicon. In addition to the synchrotron light source, 
the facility at beamline 7-BM also provides the capabilities necessary to support combustion 
experiments including a compressed air source, a high-pressure liquid nitrogen dewar, and various 
means for interfacing with experiments from outside of the experimental hutch. These facilities 
make the Advanced Photon Source ideal for conducting a wide range of experiments requiring a 




2.2 Army Research Combustor M1 
The Army Research Combustor M1 (ARC-M1) has been built to replicate a single swirl 
cup of a helicopter-sized gas turbine combustor. The geometry has been created using input from 
gas turbine manufactures to help make the operating behavior similar to that of an operational gas 
turbine combustor. The sides of the combustion chamber have been designed to allow up to four-
sided optical access to the inside of the combustor. This allows for the use of a wide variety of 
Figure 5: A diagram of the major components of the APS (top left), an undulator insertion 
device used to create highly-penetrating x-rays (top right), an overhead image of the APS 
showing the location of beamline 7-BM (bottom left), and an image the Kirkpatrick-Baez 
mirrors used at beamline 7-BM [10]. 
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laser and optical diagnostic techniques to study key aspects of combustor behavior. Figure 6 shows 
the key dimensions of the combustion chamber, and Figure 7 shows the combustor with quartz 
windows installed on the side and the ignitor adapter installed on the top window. For the larger 
horizontal windows, two different types of windows can be installed into the rig: fused silica 
windows and stainless steel inserts holding smaller Kapton windows. The fused silica windows 
are optimal for performing optical or UV laser diagnostic techniques. The Kapton windows have 
been specifically created to be optimal for x-ray diagnostic techniques that can be performed at 
Argonne’s APS. On the top and bottom window locations, various window options can be installed 
depending on the specific operating condition being used.  
 
109 mm 





Figure 6: Cross-section of ARC-M1 model, showing major dimensions and locations of main 
and dilution air inlets 
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In addition to the combustor itself, a number of supporting systems have been created to 
provide the correct air and fuel inputs to the rig, along with providing control for the entire system. 
Air is provided to the combustion chamber from two locations: the main air inlet and downstream 
dilution ports, as shown in Figure 6 above. The main air flows into the rig through the dome and 
swirler inlet ports from the air plenum. Six dilution ports are located on the sides of the rig to 
provide an inlet for the dilution air. Both the main air and the dilution air flow rates are controlled 
by separate MKS IE1000A mass flow controllers, which are connected to a single MKS 247D 
power supply and digital readout. After the air flow leaves the mass flow controllers, each air 
stream enters a 6kW in-line air heater (Osram F038825). The exit temperature from each air heater 
is monitored by a temperature control unit (Sylvania F076361/Athena 16C-T-F-B-00-00) and 
power control unit (Osram F066823). The temperature control unit reads the temperature from the 
exit thermocouple and uses PID control to dictate the power level for the heater. The output of the 
temperature control unit goes to the power control unit which directly controls the power fed to 
Figure 7: Image of M1 combustor at UIUC in its combustion-ready configuration 
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the heater. The temperature and power control units for both heaters have been packaged within a 
custom heater controller box, pictured below in Figure 8.  
After passing through the air heater, the main air travels directly to the air plenum and into 
the rig. Meanwhile, the dilution air is split into two separate lines, where it is sent to two air 
manifolds which each split the air into three lines, resulting in the six lines going to the combustor’s 
six dilution inlet ports. These ports have a minimum inner diameter of 0.170”, which corresponds 
to dilution jet velocities between 40 and 144 m/s under typical operating conditions. When entering 
the rig, the main air is divided into two flow paths into the combustor: through the swirler and 
through a series of dome effusion holes. The geometry of the 20 dome effusion holes is shown 
below in Figure 9. Two separate swirler geometries have been made to represent different methods 
to introduce swirling motion into the incoming air. One of these is a completely radial swirler with 
two lines of sixteen 0.086” diameter holes. The second swirler geometry is an axial swirler that 
uses twelve angled vanes to add the necessary swirling motion in the central recirculation zone. 
Images of each of these swirler designs are shown below in Figure 10. Additionally, a description 
of the flow area for each inlet to the combustor is included in Table 2.  
Figure 8: Images of the custom heater controller box used to control the air temperature at 





Figure 9: CAD model of the diffusion holes machined into the side flange of the 
M1 combustor 




Table 2: ARC-M1 Flow Area Comparison 
Passage Total Flow Area (mm2) Percentage Flow Area (Radial/Axial) 
Swirler (Radial/Axial) 119.9/114.0 27.5%/26.5% 
Dome Effusion 228.0 52.3%/53.0% 
Dilution Jets 87.9 20.2%/20.4% 
 
The pressure in the combustor and the plenum are measured using high-accuracy absolute 
pressure transducers (Omega PX409-100AV). The output of these pressure transducers ranges 
from 0–100mV, based on the 10V input that is supplied to the transducers. This signal is sent to a 
signal conditioning unit (SensorLex 8B30-03) to convert the 0–100mV input to a 0–5V output that 
is easily readable. K-type thermocouples are additionally installed in the plenum and near the wall 
of the combustor to record temperature measurements at each of those locations. Using the 
pressure transducer measurements, the pressure drop of the combustor cam be simply calculated 
by using the following formula, shown in Equation 1. In this equation, PlenumP  is the absolute 
pressure measured in the plenum, and 
RigP  is the pressure measured inside the combustor. Figure 
11 below also shows the combustor’s pressure drop as a function of the mass flow rate for two 













=   (1) 
Fuel is supplied to the combustor through the use of a piston accumulator (Parker 
A3N0116D1K) and a series of solenoid valves to control the flowrate. Nitrogen is used to supply 
pressure on the gaseous side of the accumulator, and the liquid fuel is on the opposite side of the 
piston. As such, the fuel pressure can be precisely controlled by adjusting the pressure on the 
nitrogen side of the accumulator. The nitrogen-side pressure is adjusted by either allowing more 
nitrogen into the accumulator from the 150psig inlet supply or by venting nitrogen from the 
accumulator side to atmosphere. The nitrogen in inputted to the system through a normally closed 
solenoid valve (Omega SV3201) and exhausted through a proportional solenoid valve (Omega 
FSV11). To make it easier to control the pressure in the accumulator, a 1 L cylinder (Swagelok 
304L-HDF4-1000) is installed on the nitrogen side of the accumulator, increasing the volume on 
15 
 
the nitrogen side especially when the accumulator is nearly full. Nitrogen is added to or released 
from the system through measurement of the actual fuel flow rate into the rig. A PID control loop 
reads the input from a liquid flow meter (Omega FLR1007ST) and either opens the solenoid valve 
on the input (if the flow rate is too low) or opens the proportional valve (if the flow rate is too 
high). The PID controller directly controls the value that is outputted to the proportional valve 
based on how close the current flowrate is to the desired flowrate. These various measures allow 
the system to maintain the fuel flowrate consistently within 1.7% of the setpoint. The components 
necessary for this system and three accumulators have been built into a fuel cart to allow for 
refilling of the accumulator and rapid switching of the fuel used in the combustor, as pictured in 
Figure 12.  
Figure 12: Image of the fuel cart created for the ARC-M1 with three 
fuel accumulators mounted 
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After the fuel leaves the accumulator, it passes though the liquid flowmeter mentioned 
earlier and its temperature (K-type thermocouple) and pressure (Omega PX409-750DDU5V) are 
measured before it enters the combustor. Additionally, another normally closed solenoid valve 
(Omega SV3201) allows control of when fuel is allowed into the combustor without adjusting the 
pressure of the accumulator. To inject fuel into the combustor, three different nozzles can be used 
based on the desired operating conditions. Two of these are standard commercially available 
pressure-swirl atomizers (1/4LNN-316SS.30 and 1/4LNN-316SS.60), while the third is an aircraft 
nozzle that comes from a Garrett TPE331 engine (3101155-1). For all of the experiments discussed 
in this work, the 1/4LNN-316SS.30 was used because the small (0.30 mm) outlet hole required 
relatively high injection pressures, giving fine control of the flowrate. However, for future 
experiments, the other two nozzle options and other nozzles can be used to target a variety of 
conditions. The performance of this nozzle has been characterized for two different fuels (A-2 and 
C-3), and the results are shown in Figure 13 below.  
Figure 13: Graph showing relationship between the fuel mass flow 




The fuel accumulator described above must be periodically refilled during operation of the 
combustor, when the accumulator gets completely emptied of fuel. To do this, a system has been 
implemented to make the refilling process as seamless as possible and reduce interruption to 
operation. During operation, fuel is stored in a sealed fuel cell (RCI-1032C). When the 
accumulator is empty, pressure is first drained completely from the nitrogen side. After the 
accumulator is fully vented, a stainless steel, air powered, self-priming diaphragm pump 
(McMaster 41655K27) is activated to pump fuel from the sealed fuel cell into the accumulator. 
The pump and fuel cell system are shown below in Figure 14.  
 
While combustion can be sustained in the combustor during operation without a continuous 
ignition source, an ignition source is necessary to initially start the rig. For this function, an exciter 
box from a commercial aircraft (Bendix TLGM-1117) provides a pulsed high voltage to a 
Figure 14: Fuel cells and fuel pump that are used to refill the 
accumulators in-between operation of the combustor 
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corresponding commercial aircraft igniter (Champion CH34055), which sparks at approximately 
4 Hz. The aircraft exciter box is powered with 28VDC by an Aim-TTi PL303QMT power supply, 
which limits the current supplied to the exciter to 3A. The igniter is mounted flush with the inside 
wall of the rig in place of one of the smaller vertical windows. A picture of the exciter and ignitor 
system is shown below in Figure 15.  
 
All of the solenoid valves and other electrical devices described in these sections need 
various pieces of electrical circuitry to allow them to be easily controlled during operation of the 
combustor. To contain these electrical components, an electrical box has been created that houses 
8 solid state relays (Crydom CKRD2420) and a 12V power supply to supply power to two 
accumulator pressure transducers and the proportional solenoid valve. The electrical box also 
houses all necessary power and communications wiring to support these different devices. The box 
Exciter Box 
Igniter 




has a single 120VAC input and 8 120VAC outputs that are controlled by the 8 relays. It also has 
15 BNC inputs and outputs that are connected to the appropriate points on an NI BNC connector 
block (BNC-2090A). The final two connections on the electrical box are 4-pin connectors that run 
to the two accumulator pressure transducers. To ensure that the combustor’s electrical systems are 
as safe as possible, the power to everything inside the box is powered through a time delay relay 
(Macromatic TE-8816U) that is set to the “Watchdog” mode. This receives a 5 Hz pulsed signal 
from the LabVIEW control system and will shut off power to all electrical devices if that 5 Hz 
signal stops for any reason. This means that if the computer crashes, the LabVIEW software 
crashes, or any power interruption occurs, the system will default to its safest state: with all 
solenoid valves closed. Images of this electrical enclosure are included below in Figure 16.  
 
Figure 16: Images of the electrical box that was created to house the control 
electronics needed to operate the ARC-M1 
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A startup and ignition procedure for the rig has been established to standardize the process 
of firing the rig and make the process as safe as possible. Before attempting to start the rig, the air 
flow on the main and dilution air is started at the desired flow rates. Then, the air heaters are turned 
on at the desired preheat temperature, and the heated air runs through the rig until it reaches a 
steady state temperature. To ignite the rig, the switch panel shown below in Figure 17 is used by 
the operator. First, the “Spark” switch is flipped to send power to the exciter box, starting the 
ignitor. Then, the “Fuel” switch is turned on, beginning fuel flow through the nozzle into the rig. 
When this happens, the fuel flowrate software control algorithm also begins to adjust the fuel 
flowrate to the desired value. During this stage, the software maintains the fuel flowrate as a 
relatively high value to make ignition easier. The operator is able to monitor when ignition occurs 
through visually seeing when a flame is present, listening to the sound made by the rig, or by 
monitoring the reading from a photodiode pointed at one of the combustion chamber windows. 
Once ignition has occurred, the “Ignition” switch is flipped, telling the software that ignition has 
occurred so that it can stop power to the exciter. From this point, the software adjusts the fuel flow 
rate to the lower, steady state flow rate and the combustion is allowed to stabilize before any 
measurements are recorded.   
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A LabVIEW software program has been developed to control all actions of the combustor 
and to record readings from all connected sensors. The user-facing panel of this program is shown 
below in Figure 18. As shown in the figure, the user interface includes five live graphs of key 
system parameters. These graphs are plotting rig and plenum pressures, the pressure differential 
between plenum and rig (calculated per Equation 1), accumulator pressures on the fuel and 
nitrogen sides, fuel pressure immediately before the combustor, fuel flowrate, global equivalence 
ratio, all temperatures, and the photodiode signal. As these values are all live-updating during 
operation of the system, it is easy to monitor various aspects of the combustion performance. This 
page also includes indicators that show whether or not spark or fuel is present in the combustor, 
Figure 17: Physical switch panel used to control the 
operation of the ARC-M1 
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as well as places to set the values for the fuel control software. Finally, the series of indicators on 
the left hand side of the page show which safety feature caused the rig to shutdown (if shutdown 
occurs). A “shutdown” circuit has been implemented within LabVIEW such that a number of 
various sensor readings can stop all fuel output immediately. The things that can stop the rig 
include: hitting the e-stop button, the fuel drum temperature rising too high (indicating combustion 
in the drum), the combustor temperature drops very quickly (indicating blowout), sparks not being 
registered on the photodiode, and the ignition switch not being flipped within 10 seconds of the 
fuel switch. Any of these items could indicate an unsafe condition within the test setup, so it is 
important to stop operation immediately and verify that everything is operating normally before 
proceeding. As a whole, this LabVIEW program implements everything that is necessary for safe 
operation of the rig and gives the operator complete control over combustor performance. For full 
details on rig operation procedures, the Standard Operating Procedure for the combustor can be 
referenced [13].   
Figure 18: Primary front panel of the LabVIEW control software created for the ARC-M1 
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Chapter 3: Results and Discussion 
3.1 Motivation 
Previous work has suggested that phase-contrast imaging and x-ray radiography can serve 
as useful tools for investigating the optically-dense region near the nozzle in a gas-turbine 
combustor [13]. Additionally, phase contrast imaging has been frequently used to investigate 
various types of fuel sprays, including the structure of diesel sprays under high pressure conditions 
[11, 14]. However, there have been nearly no examples of these imaging techniques being used to 
image realistic gas turbine operating conditions. It is hypothesized that imaging under combusting 
conditions will have a significant impact on the flow field seen near the exit of the nozzle, as the 
heat release will change the air velocity and temperature fields in that region, greatly influencing 
the fuel droplet breakup process. This investigation can also provide insight into the effect of 
different combustor operating parameters and fundamental fuel properties on the fuel spray 
breakup process. For these reasons, phase-contrast imaging is able to provide valuable insight into 
the mechanisms governing fuel spray breakup under realistic gas turbine conditions.  
3.2 Experimental Setup 
The entire ARC-M1 experimental setup described above was transported to the Advanced 
Photon Source at Argonne National Laboratory and installed inside the hutch of beamline 7-BM. 
An image of the combustor operating in the facility is shown below in Figure 19. The primary 
measurement tool used for these experiments is phase-contrast imaging. This setup uses the entire 
height and width of the incoming x-ray beam; the beam passes through the combustor and onto a 
YAG:Ce scintillator crystal [15], which is able to convert the x-rays into the visible spectrum, 
where it can be imaged by a high-speed (Photron SA-Z) camera after being focused by a backwards 
50-mm Nikon f/1.2 lens and a forward 105mm Nikon f/1.4 lens, each focused at infinity. The 
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scintillator crystal assembly includes an embedded mirror, allowing the lenses and high-speed 
camera to be oriented perpendicular to the incoming x-ray beam, as shown below in Figure 20. 
The image resolution of the camera is 640 x 280 pixels, and the specific imaging setup results in 
0.00971 pixels/mm. This gives an overall view field of 6.21 x 2.72 mm, which is recorded at 
90,517 Hz, synchronized with both the output of the synchrotron and a mechanical chopper, which 
protects the scintillator crystal and other optics in the system from being exposed to high amounts 









Phase-contrast imaging works due to the differences in the index of refraction between the 
fuel droplets in the flow and the heated air around them. Specifically, sharp gradients in the indices 
of refraction produce significant phase shifts in the incoming x-ray beam, which can result in a 
Fresnel diffraction pattern [16]. These sharp gradients occur at the boundaries between different 
materials, such as the boundary between fuel droplets and air. Due to this, the fuel can be tracked 
from the time it exits the nozzle in ligaments to its breakup into droplets. Phase contrast imaging 
permits investigation into this optically dense region, allowing imaging of these phenomena that 
have been difficult to image using previously employed techniques. Figure 20, shown below, 
provides an overview of the imaging setup used at the Advanced Photon Source to collect images 
from this important, optically dense region.  
 
While phase-contrast imaging allows imaging of unique phenomena, the raw images it 
produces are not immediately useful; some post-processing steps are necessary to extract 
Figure 20: Diagram of the setup used to image fuel spray in the M1 combustor 
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information from the images. Figure 21, below, shows the eight steps that have been used to 
process the images collected as part of this work. For each set of images, the high-speed camera is 
able to record 2000 continuous frames after the mechanical chopper passes the field of view. Each 
raw frame (Step 1) is first divided by its median pixel intensity to correct for shot-to-shot variations 
in image intensity across the 200 frames. Next, the 2000 images are divided by each pixel’s median 
intensity from the 2000 frames, which adjusts the images for the spatial variation in x-ray intensity. 
Step 3 clearly provides much more interesting results due to this correction. For Step 4, a Wiener 
2D image filter is applied to the image using a 4x4 pixel neighborhood to reduce the random noise 
that is present throughout the image field. The Weiner filter is a space variant filter, allowing 
different amounts of filtering in different sections of the image [17]. For example, in detailed 
sections of the image, a low level of filtering is used to avoid distorting sharp edges. However, in 
lower-detail sections of the image, a higher level of filtering is used to eliminate noise in these 
regions. While this filtering technique does not eliminate noise as effectively in high-detail areas, 
the presence of other details in those areas makes noise more difficult to detect. The Weiner 
filtering function provides fairly effective results, as seen in Image 4 below.  
For Step 5, the filtered image is binarized using an adaptive threshold with a sensitivity of 
0.6095. This threshold value was found by testing a range of values and determining the value 
which had the best looking output over a range of test images. In Step 6, the binarization is 
reversed, and the image is filtered to only keep regions that have at least 15 connected pixels. This 
further helps ensure that any random noise is discarded, and only actual droplets are kept. While 
this does result in the loss of all droplets which have a size of under 15 pixels in the images, the 
spray breakup and droplet phenomena of interest involve droplets larger than this size. Using this 
image, a built-in Matlab function (regionprops) is used to find various information about each 
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droplet in each frame, including the centroid location, area, and perimeter. To extract droplet 
velocity information, each frame is compared to the previous frame using a custom Matlab script. 
Droplets are compared to droplets in the previous frame which have similar area, perimeter, and 
location. Additionally, the algorithm requires that the droplets are moving in the direction of flow 
(left in these images). By extracting this information from all of the images, it is possible to 
perform some interesting quantitative analysis that would not be possible by simply looking at the 






Figure 21: The eight processing steps used to extract 
quantitative data from the images collected at the APS 
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3.3 ARC-M1 Operating Conditions 
The operating conditions that were used for all the experiments here are shown below in 
Table 3. The two chosen fuels (A-2 and C-3) were selected to represent a standard viscosity fuel 
(A-2) and an especially high viscosity fuel (C-3). These two extremes make it possible to examine 
the impact of fuel viscosity on spray breakup directly, with all other variables being held constant. 
Two air inlet temperatures are also investigated, 323 K and 370 K, to examine how different 
temperatures can affect the fuel breakup process. Testing was conducted over a range of fuel 
flowrates at a constant air flow rate, giving the wide range of equivalence ratios seen in the table 
below. The combustor pressure drop was fixed at 3% for all data presented here.  
 
Table 3: Combustor conditions tested at the APS 
Fuels C-3, A-2 
Air Preheat Temperature 323 ± 2.5 K, 370 ± 3 K 
Main Air Flow Rate (g/s) 17.0 ± 0.7 
Dilution Air Flow Rate (g/s) 8.6 ± 0.6 
Fuel Flow Rate (g/min) 16.2 ± 0.7, 20.5 ± 0.9, 24.1 ± 0.9 
Equivalence Ratio 0.162 ± 0.007, 0.205 ± 0.009, 0.241 ± 0.001 
Pressure Drop Percentage 3% 
 
3.4 Results and Discussion: Fuel Spray Breakup outside a Pressure-Swirl Atomizing Nozzle 
3.4.1 Qualitative Analysis of Fuel Spray Breakup 
In order to provide a qualitative comparison between different combustor operating 
conditions and fuel compositions, phase contrast images can be compared between tests conducted 
under these different conditions. The first four image processing steps shown above in Figure 21 
are again employed to make it easy to view the droplet breakup process. Additionally, due to the 
limited view field offered by the x-ray facility, each of the images shown below in Figure 22 
through Figure 25 are made by combining three distinct images: one taken at the combustor 
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centerline, and two taken at 2.5 mm above and below the combustor centerline. While these three 
images are not all captured simultaneously, stitching the separate images together provides a 
realistic view of the flowfield that is occurring just as the fuel is exiting the nozzle and entering 
the combustor. Each of these figures shows a time series of phase contrast images that are 
displayed at an equivalent flowrate of 30,172 Hz, produced by displaying every third recorded 
frame to make the frame-to-frame difference more apparent.  
Figure 22 and Figure 23 show A-2 fuel exiting the nozzle at 16.2 g/min and 24.1 g/min 
respectively. Figure 24 and Figure 25 show the same comparison for C-3 fuel, which has a higher 
viscosity than A-2 fuel. In these four figures, there is a clear difference between the low and high 
fuel flowrates in terms of the fuel atomization. For example, when comparing Figure 22 and Figure 
23 for A-2 fuel, the droplets are visibly much finer and there are many more droplets at the higher 
flowrate case, which is partially a result of the higher fuel pressure needed to drive the higher fuel 
flowrate. The higher flowrate also shows a thinner ligaments close to the nozzle, which partially 
contributes to the finer droplets present further downstream. A similar trend is seen in the C-3 fuel 
as in the A-2 fuel, with regards to finer ligaments and droplets in the higher flowrate case. 
However, as compared to the A-2 case, the ligaments appear to remain for longer than was seen 
previously. This will be investigated in more detail below. One important phenomenon in all of 
these images is the asymmetry seen between the top and bottom of each image. There is clear 
asymmetry between the droplet fields on the bottom and top of each image for both fuels and 
flowrates. There are substantially more ligaments and droplets in the bottom of each image; the 
effect seems to be more pronounced in the lower flowrate cases (Figure 22 and Figure 24). This 
asymmetry could also be seen visually in the flame shape during combustion, and it could have 
been caused by slight asymmetry in part of the fuel nozzle delivery system, air delivery system, or 
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by a blockage in part of the nozzle itself. However, since the effect is seen throughout the images, 




Figure 22: Phase-contrast-imaging time series of A-2 at 16.2 g/min, 100°C air preheat 
temperature. This image sequence includes every third frame to more clearly visualize the spray 




Figure 23: Phase-contrast-imaging time series of A-2 at 24.1 g/min, 100°C air preheat 
temperature. This image sequence includes every third frame to more clearly visualize the spray 




Figure 24: Phase-contrast-imaging time series of C-3 at 16.2 g/min, 100°C air preheat 
temperature. This image sequence includes every third frame to more clearly visualize the spray 




Figure 25: Phase-contrast-imaging time series of C-3 at 24.1 g/min, 100°C air preheat 
temperature. This image sequence includes every third frame to more clearly visualize the spray 
motion, resulting in an equivalent frame rate of 30,172 Hz. 
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Figure 26 provides a side-by-side comparison of the A-2 and C-3 fuel at the lower fuel 
flowrate, 16.2 g/min, with specific flow features called out to emphasize the qualitative differences 
between the high and low viscosity fuels. In the red ovals, it can be seen that the ligaments remain 
together much longer in the C-3 case than the A-2 case before breakup occurs. C-3 also exhibits 
longer continuous ligaments, whereas A-2 tends to break up into multiple separate ligaments 
sooner. Ligaments are still seen in the A-2 images after the red ovals, but they are separate and 
disconnected from the starting ligament, unlike in the C-3 images. The yellow ovals show how in 
C-3, singular ligaments can often remain extremely far downstream before droplet breakup occurs. 
By that point in the A-2 flow, droplets are consistently fully broken up into droplets and no 
ligaments remain. These flow phenomena occur primarily due to the different viscosities between 
the two fuels; the higher viscosity C-3 makes it more challenging for instabilities in the flow to 
cause ligament breakup to occur. The lower viscosity in the A-2 fuel allows for breakup to occur 








Figure 26: Side-by-side comparison of time-series images of C-3 and A-2 at 16.2 g/min fuel 
flowrate and 100°C air preheat temperature. 
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3.4.2 Quantitative Analysis of Fuel Spray Breakup 
By taking advantage of the image processing routine discussed above and shown in Figure 
21, it is possible to perform quantitative comparisons based on the images collected using phase-
contrast imaging. Most of the data presented in this section was found through this technique. 
Velocity and diameter data were calculated for each of the 2000 analyzed frames for each data set, 
and those values were averaged to generate the velocity, diameter, and Weber number data. All of 
this data was collected from the centerline images only, as these provide a good representation of 
the results throughout the whole flowfield.  
Figure 27, shown below, gives the magnitude of the mean velocity for droplets at each 
condition. As shown in the figure, the mean droplet velocities are nearly identical (within 0.5 m/s) 
between the two fuels at the same conditions. The data shown on this graph effectively collapses 
onto two lines, one for each preheat temperature. The higher preheat temperature causes the fuel 
to be at a higher temperature when it exits the nozzle, which allows easier atomization of the fuel 
and results in higher droplet velocities. Between the two preheat temperatures, there is 
approximately a 1 m/s difference in droplet velocities. However, at the same preheat temperature, 
the difference in viscosities between the two fuels does not appear to cause any significant 





After the image processing technique discussed above produces diameter values for every 
droplet in the view field, several different averaging methods are frequently utilized to produce 
average diameter values that can be easily compared between different flow conditions. On the 
left in Figure 28 below, D10 is plotted versus the fuel flow rate; D10 refers to the simple arithmetic 
mean of all droplet diameters. On the right in the figure below, D32 is plotted versus fuel flow 
rate; D32 is commonly referred to as the Sauter Mean Diameter, and is calculated using the formula 










This is a relatively simple calculation, but it results in larger droplets having a more 
significant effect on the result than the standard arithmetic mean. As seen in the figures below, the 
values of the Sauter Mean Diameter are slightly larger than the arithmetic mean, simply due to the 
Figure 27: Plot of the mean velocity magnitude versus fuel flowrate 
for both fuels and air preheat temperatures. 
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method in which they were calculated. However, the trends between the two figures are very 
similar. The finest droplets are created at 100°C preheat temperature with A-2, the lower viscosity 
fuel, followed closely by C-3 at 100°C preheat. Both datasets taken at a 50°C preheat temperature 
show larger droplet sizes, with C-3 again exhibiting larger droplets than A-2 throughout the entire 
range of flow rates measured in this study. The higher C-3 viscosity therefore notably delays the 
progression of the droplet atomization process, even though it was shown above that it plays little 
role on the observed droplet velocities. The effect of viscosity on the observed diameters follows 












Using fuel properties that were found at the inlet temperature to the combustor (25 °C), the 
average Weber number of each fuel spray was calculated and plotted below in Figure 29. All of 
these calculated values collapse nearly onto a single straight line, even across the wide range of 
conditions. This is a very interesting observation, as it shows the spray breakup process is 
a b 
Figure 28: (a) The numerical average droplet diameter, D10, plotted versus fuel flow rate for 




proceeding similarly with regards to the balance between velocity and surface tension during 
breakup. All Weber numbers calculated in these experiments are additionally well below the 
threshold for secondary breakup of We=12. The formula used to calculate Weber number is 
included below in Equation 4. In this equation, ρ refers to the fluid density, V refers to the droplet 








Figure 28, discussed previously, shows that the magnitude of difference of droplet diameter 
between the two fuels is smaller than the difference in droplet diameter between different preheat 
temperatures within the same fuel. Heat released during the combustion process clearly plays back 
into fuel atomization due to increasing amounts of heat going into the fuel. One explanation for 
this result is that a higher preheat temperatures improves combustion efficiency due to a higher 
nozzle body temperature and fuel temperature coming into the combustor, which reduces the 
viscosity of the incoming fuel. A lower viscosity makes fuel atomization happen more quickly, 
Figure 29: Mean Wber number plotted against fuel flow 
rate for each fuel type and air preheat temperature. 
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allowing the fuel to vaporize and combust more readily. In the experiments conducted here, the 
combustion efficiency can be calculated by performing a simple steady-state energy balance 
between the change in air temperature and the heat of combustion for the fuel. This formula is 
shown below, where ?̇?𝑎𝑖𝑟 is the air mass flow rate, 𝑐𝑝 is the specific heat of the air, 𝛥𝐻𝐶
°  is the 
heat of combustion for the specific fuel, and ?̇?𝑓𝑢𝑒𝑙 is the fuel mass flow rate. 
 ?̇?𝑎𝑖𝑟[𝑐𝑝(𝑇𝑖𝑛𝑙𝑒𝑡)𝑇𝑖𝑛𝑙𝑒𝑡 − 𝑐𝑝(𝑇𝑜𝑢𝑡𝑙𝑒𝑡)𝑇𝑜𝑢𝑡𝑙𝑒𝑡] = ?̇?𝑓𝑢𝑒𝑙𝛥𝐻𝐶
°𝜂𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 (5) 
 
Using the method described above, data was taken on the ARC-M1 for combustion 
efficiency across a range of fuel flow rates and at the two preheat temperatures. This data is shown 
below in Figure 30. Combustion efficiencies remain relatively flat across the range of fuel 
flowrates for the same preheat temperature and fuel, with a slight increase in efficiency values at 
higher fuel flowrates. The slight increase at higher flowrates is likely attributed to the increased 
heat within the combustor, leading to better fuel atomization. Meanwhile, the more significant 
difference in combustion efficiencies between different preheat temperatures can be attributed to 
the preheating of the fuel within the piping and nozzle before it enters the combustion chamber, 
reducing its viscosity as it enters the combustor. Preheating the fuel provides a more significant 
change in performance because the high droplet velocities within the combustor gives little time 
for heat transfer to the droplets. The relatively low fluid velocity in the tube running to the 
combustor gives time for the fuel to heat up significantly before it reaches the nozzle. As such, 
adjusting the preheat temperature has a greater impact on combustion efficiency in the M1 than 









Chapter 4: Conclusions and Future Work 
4.1 Conclusions 
In order to develop new types of jet fuel that can be compatible with existing engines and 
infrastructure, fuel manufacturers must have an understanding for how different fundamental fuel 
properties affect the performance of gas turbine combustors. For new alternative fuels to be viable, 
they must perform similarly to conventional petroleum-derived fuels under all combustor 
operating conditions. In this work, x-ray phase-contrast imaging has been conducted at 90,517 Hz 
in a gas turbine sector rig under combusting conditions. This sector rig, the ARC-M1, is a single-
cup, swirl-stabilized combustor which had its geometry developed in cooperation with engine 
manufacturers, so it can be used to study fuel effects on gas turbine combustion performance under 
relevant inlet conditions.  
This work has shown that x-ray phase-contrast imaging is an effective technique for 
visualizing fuel spray breakup, atomization, and vaporization in the optically-dense region inside 
a gas turbine combustor. In these experiments, this imaging is conducted on two different viscosity 
fuels: A-2, a normal viscosity fuel, and C-3, a high viscosity fuel, each of which is tested at three 
different flow rates and two air preheat temperatures. Across all of the collected images, the fuel 
ligament breakup occurs much more rapidly at high fuel pressures (high flowrates), while lower 
fuel pressures cause breakup to take significantly longer. Additionally, the fuel with the higher 
viscosity is seen to have longer ligaments and larger diameter droplets than the standard viscosity 
fuel. Image processing techniques were used to extract quantitative droplet information from each 
set of images. From this analysis, it was found that increasing air preheat temperature causes an 
increase of droplet velocity and decrease of SMD and average droplet diameter, which shows that 
fuel atomization improves with increased air inlet temperature. Additionally, the higher viscosity 
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fuel shows larger droplet diameters than the standard viscosity fuel for all conditions tested. 
However, the impact of increased preheat temperature was shown to be more significant than the 
difference between the two fuels. The increased preheat temperature is found to greatly increase 
combustion efficiency, which is believed to be coupled with the improved atomization due to the 
higher overall combustion temperatures. As such, visualizing fuel spray atomization and 
vaporization through techniques such as phase-contrast imaging is important because of the close 
relationship between fuel atomization and combustion performance and efficiency. This work 
demonstrates that x-ray phase contrast imaging is a promising technique for analyzing the impact 
of fuel properties on spray breakup. This technique is one valuable tool that will hopefully be able 
to help expedite the process for approving new alternative jet fuels.  
4.2 Recommendations for Future Work: Fuel Spray Investigation in the ARC-M1 
The work shown here has demonstrated that x-ray phase-contrast imaging can be effective 
at imaging the optically dense region within a flame, with the goal of visualizing the spray breakup 
process. While the measurements taken here provide interesting results, the data could be more 
relevant if taken at more realistic combustor inlet pressure and temperature conditions: 2-5 atm, 
400 K. It would also be interesting to add an additional fuel to these experiments such as C-1, 
which has an even lower viscosity than the A-2 tested here. At the APS, x-ray radiography was 
also attempted in addition to the phase-contrast imaging. This technique had limited success due 
to strong density gradients and high levels of soot within the combustor, resulting in extremely 
low signal-to-noise ratios. However, it would be possible to leverage the power of the APS by 
using x-ray fluorescence measurements instead of x-ray radiography, which uses a fuel additive to 
achieve higher signal to noise ratios. By using this technique in addition to high-speed pressure 
measurements inside the M1 combustor, point data could be collected on fuel concentrations 
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within the combustor. This could be used to perform a quantitative study into how combustor 
operating parameters and fuel properties affect near-nozzle spray breakup and distribution.  
In addition to the powerful tools available at the APS, other combustion diagnostic tools 
could also provide interesting information about the combustion process that is occurring within 
the combustion chamber of the ARC-M1. In order to better characterize the flow field and the 
flame dynamics occurring within gas-turbine combustors, several laser diagnostic techniques 
could be applied to the rig. A double-pulsed Nd:YAG laser at 10 kHz could be used to perform 
high-speed stereo particle image velocimetry (PIV), which could provide three-component 
velocity measurements of the flow occurring within the combustor, particularly the recirculation 
zones which have special importance to the stability of the swirl-stabilized flame. Additionally, 
high-speed planar laser-induced fluorescence (PLIF) of the hydroxyl radical (OH) or methylidyne 
radical (CH) could provide important insight into the reaction zone inside these fast-moving 
flames. A combination of information from these techniques with data collected at the APS would 
provide strong boundary conditions for advanced simulation work on the ARC-M1, which could 
provide even further insight into the impact of specific fuel properties on combustion performance 





1. E. Department of the Navy. "Department of the Navy's Energy Program for Security and 
Independence," (2010) 
2. E. U.S. Air Force. "U.S. Air Force Energy Flight Plan 2017-2036," (2017) 
3. ASTM. "Standard Practice for Evaluation of New Aviation Turbine Fuels and Fuel 
Additives", 2017. 
4. M. Colket, J. Heyne, M. Rumizen, et al. "An overview of the national jet fuels 
combustion program", 2016, p. 0177. 
5. J. S. Heyne, E. Peiffer, M. B. Colket, et al. "Year 3 of the National Jet Fuels Combustion 
Program: Practical and Scientific Impacts of Alternative Jet Fuel Research", 2018, p. 
1667. 
6. C. Edwards, and R. Rudoff. "Structure of a swirl-stabilized spray flame by imaging, 
laser doppler velocimetry, and phase doppler anemometry", Elsevier, 1991, pp. 1353-
1359. 
7. A. H. Lefebvre, and V. G. McDonell. Atomization and sprays: CRC press, 2017. 
8. C. Kunz. "Synchrotron radiation: third generation sources," Journal of Physics: 
Condensed Matter 13 (34) (2001) 7499. 
9. D. H. Bilderback, P. Elleaume, and E. Weckert. "Review of third and next generation 
synchrotron light sources," Journal of Physics B: Atomic, molecular and optical physics 
38 (9) (2005) S773. 
10. “The Advanced Photon Source at Argonne National Laboratory.” Argonne National 
Laboratory. 2014.  
11. A. Kastengren, and C. F. Powell. "Synchrotron X-ray techniques for fluid dynamics," 
Experiments in fluids 55 (3) (2014) 1686. 
12. A. Kastengren, C. F. Powell, D. Arms, et al. "The 7BM beamline at the APS: a facility 
for time-resolved fluid dynamics measurements," Journal of synchrotron radiation 19 
(4) (2012) 654-657. 
13. E. Mayhew. “Impact of Alternative Jet Fuels on Gas Turbine Combustion Systems.” 
Univ. of Illinois at Urbana-Champaign. 2018.  
14. T. Martin, and A. Koch. "Recent developments in X-ray imaging with micrometer 
spatial resolution," Journal of Synchrotron Radiation 13 (2) (2006) 180-194. 
15. T. Mosbach, V. Burger, and B. Gunasekaran. "Fuel Composition Influence on Gas 
Turbine Ignition and Combustion Performance," (56697) (2015) V04BT04A002. 
47 
 
16. S. Wilkins, T. E. Gureyev, D. Gao, et al. "Phase-contrast imaging using polychromatic 
hard X-rays," Nature 384 (6607) (1996) 335. 
17. Lim, Jae S., Two-Dimensional Signal and Image Processing, Englewood Cliffs, NJ, 
Prentice Hall, 1990 
